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ABSTRACT 
Widespread use of radar for meteorological purposes began after the conclusion of World War 
II. Since this time, a focus of research has been improvement of the precipitation estimates 
generated by radar. Currently research is being conducted to determine if dual-polarization radar 
improves precipitation estimates when compared to single-polarization radar. This study 
statistically compared precipitation estimates in the state of Iowa from dual-pol and single-pol 
Next Generation Weather Radar (NEXRAD) using the statistical measures of Standard Error 
(SE), Pearson Correlation Coefficient (PCC), and Normalized Bias (NB). This research 
evaluated the 15-minute rainfall rate, 15-minute precipitation, and total precipitation using a 
reflectivity rainfall rate relationship for single-pol radar and a reflectivity and differential 
reflectivity rainfall rate relationship for dual-pol radar. The cases were additionally evaluated for 
the effect that the distance from the radar and the intensity played on the SE. This study was not 
able to provide statistically significant evidence that dual-pol radar is more accurate than single-
pol radar for NEXRADs across the state of Iowa. Additionally, the single-pol radar was found to 
be more consistent in precipitation estimation accuracy. There was no distance bias found for 
either dual-pol or single-pol radar for all variables investigated in the study. Dual-pol radar 
estimates were more accurate than single-pol radar estimates for cases that consist exclusively of 
light rainfall. 
____________________________________________________________________________
1. Introduction 
The use of radar by the military in World 
War II paved the way for radar utilization in 
meteorology. The meteorological use of 
radar changed drastically in 1988 when the 
Weather Surveillance Radar 1988 Doppler 
(WSR-88D) was created. Since this time, 
National Weather Service (NWS) Offices 
across the country have deployed WSR-88D 
which is now referred to as Next Generation 
Weather Radar (NEXRAD).  
Single- and Dual-Polarization Radar 
Until 2011 NEXRAD used single-
polarization radar with the pulses of energy 
emitted by the radar being horizontally 
oriented. The process of upgrading 
NEXRAD to dual-polarization radar was 
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started in 2011 and the upgrade was finished 
in April 2013. With dual-pol radar the pulses 
of energy that the radar sends into the clouds 
are both horizontally and vertically 
orientated. Both of these types of radar have 
the same base products such as base 
reflectivity and base velocity.  
Dual-polarization weather radar has 14 new 
parameters that help determine the type and 
intensity of the precipitation as well as the 
amount that will fall (National Severe 
Storms Laboratory). Three of the most 
frequently used products are differential 
reflectivity (ZDR), correlation coefficient 
(CC), and specific differential phase (KDP).   
ZDR allows for hydrometeor type 
discrimination (Table 1). When the 
hydrometeor is a sphere it is either a hail 
stone or a small rain drop. A vertically 
orientated hydrometeor typically indicates 
an ice crystal. When the hydrometeor is 
horizontally orientated that is a sign of a 
medium to large rain drop (Fukao and 
Humazu 2014).  
Another one of the dual-pol enhancements, 
CC, indicates how similar in type and drop-
size distribution the hydrometeors are to 
each other (Table 2). CC is useful for 
determining where different types of 
precipitation are occurring. It is also used to 
determine the uniformity of the drop-size 
distribution. A CC value near 1 indicates a 
uniform drop-size and shape distribution 
(Fukao and Humazu 2014).  
The final frequently used dual-pol product, 
KDP, indicates where the heaviest rainfall is 
probably occurring.  Larger values of KDP 
indicate a high probability of heavy rainfall. 
It can be used to predict where high rainfall 
rates are probably occurring in storms 
(Fukao and Humazu 2014). 
Estimating Precipitation from Radar Data 
Precipitation estimates can be taken from 
either single-pol or dual-pol weather radar.  
To determine single-pol estimates of 
precipitation, a reflectivity rainfall rate (Z-
R) relationship is used. While there are 
different Z-R relationships (Fukao and 
Humazu 2014) that correspond to different 
precipitation types and drop size 
distributions (Fukao and Humazu 2014), the 
following relationship is used to estimate 
precipitation from single-pol radar:  
                      Z=a*Rb                                 (1) 
with Z being reflectivity, R being rainfall 
rate, and a and b being constants that are 
experimentally determined.  
Single-pol precipitation estimates have 
uncertainty due to the lack of one precise Z-
R relationship that is valid for all 
precipitation types. There is also uncertainty 
in these estimates due to attenuation and 
varying drop size distributions. Attenuation 
indicates that the returned reflectivity is 
weakened. This will lead to a lower rain rate 
calculation than what is actually occurring. 
When varying drop size distributions exist, 
Table 1: ZDR Hydrometeor Orientation 
Relationship ZDR Value Hydrometeor Orientation 
ZDR > 0 Horizontal 
ZDR < 0 Vertical 
ZDR = 0 Sphere 
Table 2: CC Precipitation Type 
Association CC Value Precipitation Type 
CC < 0.80 Non-meteorological 
0.80<CC<0.95 Mixed precipitation 
CC > 0.95 Rain 
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higher reflectivity does not always 
correspond to a larger rain rate. 
For dual-pol radar, there are two different 
equations that can be used to determine an 
estimate of precipitation. The first one uses 
ZDR and is shown below: 
                       R=a*Zb*ZDRc                    (2) 
where a, b, and c are experimentally 
determined constants.  
The second equation uses only KDP and is 
shown below: 
                         R=a*KDPb                        (3) 
The constants a and b are unique for each of 
the previously listed equations. 
With dual-polarization radar there are more 
products and combinations of products that 
can be used to determine the rainfall rate. 
These products are less affected by 
attenuation and not affected by a varying 
drop-size distribution (Fukao and Humazu 
2014). CC is used to help determine what 
type of hydrometeors are falling to 
determine a better drop-size distribution. 
KDP is used to help reduce the effect of 
attenuation (Fukao and Humazu, 2014). This 
can potentially lead to a more accurate 
determination of the rainfall rate using dual-
polarization weather radar.  
Accuracy of Precipitation Estimates 
In many of the studies evaluating the 
accuracy of weather radar precipitation 
estimates, the accuracy has been determined 
by comparison with rain gauge and other 
forms of observational data. Sometimes 
estimates from different wavelengths or 
bands are used; other times a single band is 
used. NEXRAD is a S-band radar. S-band is 
a longer wavelength radar than C-band radar 
which is used by news stations. C-band is a 
longer wavelength radar than X-band which 
is used by storm spotters. The longer the 
wavelength of radar the larger the range, but 
there is less detail in the returned 
reflectivity. The shorter the wavelength the 
shorter the range, but there is more detail in 
the returned reflectivity. Therefore, 
NEXRAD has a longer range but has less 
detail in the returned reflectivity. 
Wang and Chandrasekar (2010) used an X-
band dual-polarization radar developed by 
the Collaborative Adaptive Sensing of the 
Atmosphere Engineering Research Center to 
evaluate precipitation estimates. This study 
used four radars that were placed 30 km 
apart in southwestern Oklahoma with a 
range of 40 km to cover a region of 7000 
km2. The accuracy of these precipitation 
estimates was determined using rain gauge 
observations. This study found that there 
was high accuracy in these rainfall estimates 
from radar.  
Cifelli et al. (2011) compared two different 
dual-polarization precipitation algorithms, 
one of which was developed at Colorado 
State University (CSU), to determine which 
algorithm is more accurate in Colorado. The 
CSU algorithm uses a hydrometeor 
identifier to determine which parameters 
need to be chosen for the algorithm. The two 
algorithms were compared to the R-Z and 
the R-Z, ZDR relationships used in this 
study.  The accuracy of the estimates was 
evaluated using a rain gauge network. The 
CSU algorithm was found to be the better of 
the two algorithms and better than the R-Z 
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and R-Z, ZDR relationship in precipitation 
estimation. Also, the R-Z relationship had a 
smaller amount of root-mean-square error 
than the R-Z, ZDR relationship.  
Cunha et al. (2014) evaluated NEXRAD 
precipitation estimates for three precipitation 
events in the Kansas City metro area using a 
rain gauge network. This study used two 
radars that were different distances from the 
rain gauge network. This study found that 
dual-pol precipitation estimates are more 
accurate at a large distance from the radar 
when compared to single-pol precipitation 
estimates. Additionally, dual-pol estimates 
improved the estimate of precipitation when 
compared to single-pol radar.  
Boodoo et al. (2015) studied the accuracy of 
C-band dual-polarization estimates for a 
flood that occurred in July 2013 in Toronto, 
Canada. The C-band estimates were 
compared with estimates from the 
NEXRAD located in Buffalo, New York. 
These estimates were compared with a rain 
gauge network located in the region in and 
around Toronto. The C-band estimates were 
found to be very similar to the S-band 
estimates. 
Seo et al. (2015) studied two basins near 
Iowa City, Iowa to compare a single- 
polarization algorithm developed by the 
Iowa Flood Center (IFC) and a dual- 
polarization algorithm developed at 
Colorado State University. They also 
compared the precipitation estimates to rain 
gauge data for the two basins from NASA 
and the IFC. The dual-pol algorithm 
generally performed better than the single-
pol algorithm. 
Chen et al. (2017) expanded on the work 
done by Cifelli et al. (2011) and developed a 
new dual-polarization precipitation 
algorithm and compared it to the Cifelli et 
al. (2011) algorithm. Additionally, the two 
algorithms were compared to the R-Z and 
the R-Z, ZDR relationships used in this 
study. For rainfall events, the developed 
algorithm performed better than the old 
algorithm when compared with the R-Z and 
the R-Z, ZDR relationships. Additionally, 
the R-Z, ZDR relationship had a larger 
amount of normalized mean absolute error 
and a higher Pearson Correlation Coefficient 
than the R-Z relationship.  
These studies concluded through various 
statistical means that dual-pol precipitation 
estimates have improvements over single 
pol precipitation estimates. However, these 
studies were not able to prove that dual-pol 
precipitation estimates are better than single-
pol precipitation estimates for all cases or 
that there is a statistically significant 
improvement in the estimates for all cases.  
One reason precipitation estimates are 
necessary is because they are used in flood 
prediction. In flood prone areas such as 
Iowa, it is important to understand the 
strengths and limitations of the precipitation 
estimates made from radar. During the 
period from 1955-1999 the State of Iowa 
had one of the top damage rates due to 
floods per capita and nearly the most dollars 
of flood damage overall in the United States 
(Zhou et al., 2017). 
The goal of this study is to provide an 
increased understanding of the potential 
enhancement that dual-pol NEXRAD 
provides for precipitation estimation. This is 
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done by statistically comparing dual-pol and 
single-pol NEXRAD precipitation estimates 
for the State of Iowa for the years of 2009 
and 2013 to determine if the dual-pol 
weather radar rainfall estimates are more 
accurate than the single-pol weather radar 
rainfall estimates.  
2. Data and Methods  
Study Region and Data 
The region for this study is the state of Iowa 
with a focus on three NEXRAD locations 
(Figure 1). The three radars are KOAX 
located in Valley, NE, KDMX located in 
Johnston, IA, and KDVN located in 
Davenport, IA.  
Cities near these NEXRADs were selected 
to evaluate the accuracy of the precipitation 
estimates made by the NEXRADs using 
archived precipitation measurements. 
NEXRAD level II data and rainfall data for 
multiple years was downloaded from the 
National Center for Environmental 
Information (NCEI). The rainfall data came 
from a variety of sources but it is mostly 
from rain gauges and it is quality controlled 
by the NCEI. The archived precipitation 
data was recorded in 15 minute increments 
and time was recorded in local standard time 
(LST). The NEXRAD data was recorded in 
5 minute increments and the time was 
recorded in universal time coordinated 
(UTC).  
Case Studies  
Case studies were chosen for the each of the 
years of 2009 and 2013.  The spring and 
summer of 2013 were selected because it 
was the only period from the NCEI with 
available rain gauge data after NEXRAD 
was upgraded to dual-pol. The 2009 cases 
were identified as single-pol cases for 
comparison. 
In order to select a day to be considered as a 
case there needed to be at least 3 inches of 
rainfall over a 24-hour period. After 
analyzing rainfall data for 2013 and 2009, 
twelve potential cases were for found for 
2013 and nine potential cases were found for 
2009. 
The cases were then determined by selecting 
events that occurred in a common 
geographic location pre and post dual-pol 
implementation. There was one exception to 
this process because for the KOAX radar 
there were no identical pairs of cities in both 
years. The radar was down during the study 
period for a potential case.  
For the other radar sites, if there were more 
than two cases to choose from they were 
subjected to three criteria. The first criteria 
was to involve unique cities. The next 
criteria was to determine if the two cities 
were a similar distance away from the radar. 
The final criteria tested on the potential 
 
Figure 1. Map of Iowa showing the three 
NEXRADs used in this study: KOAX, 
KDMX, and KOAX. 
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cases was the variation in the amount of 
rainfall received from the storm. The cases 
selected would ideally have a similar 
distance from the radar and have received a 
varying amount of rainfall. The cases were 
narrowed down so that there were six for  
each year (Table 3). 
Methods 
Before determining the rainfall rate, the time 
of each storm was converted from LST to 
UTC. The equation used to determine the 
rainfall rate that was estimated by the single-
pol radar is shown below with constants 
determined by NOAA: 
          Z=300*R1.4                                       (4) 
The above equation was then converted into 
a R-Z equation as shown below: 
R=0.017*Z0.714                     (5) 
For the single-pol cases R was determined 
using Gibson Ridge Level II Analyst (GR) 
by placing the cursor on the latitude and 
longitude associated with the rain gauge 
measured rainfall and recording the 
reflectivity in dBZ. This reflectivity was 
converted into Z by using the following 
equation: 
                  Z=10^(dBZ/10)                       (6) 
and the rainfall rate was calculated in 
mm/hour using Equation 5. The rainfall rate 
was multiplied by the time between scans 
which was normally between four and five 
minutes.  
TABLE 3. Six cases for each year used in this study. The 2009 cases are single-pol and the 2013 
cases are dual-pol. This table shows the latitude and longitude where the rain gauge precipitation 
was measured.  
Date City Latitude Longitude Time(LST) Rainfall (in) NEXRAD 
Location Single-Pol 
4/26/2009 Missouri Valley 41.5736 -95.8811 02:00-23:45 4.2 KOAX 
8/26/2009 Missouri Valley 41.5736 -95.8811 04:00-18:00 3.3 KOAX 
8/7/2009 Cascade 42.2988 -90.9984 04:30-10:30 3.5 KDVN 
8/26/2009 Lowden 41.8563 -90.9299 07:45-23:15 3.1 KDVN 
5/15/2009 Knoxville 41.3247 -93.1008 04:00-19:00 3 KDMX 
9/25/2009 Grinnell 41.7202 -92.7488 00:15-08:15 3.6 KDMX 
Dual-Pol 
4/17/2013 Soldier 41.9811 -95.7769 03:00-23:45 3.8 KOAX 
6/24/2013 Shelby 41.5161 -95.4503 01:30-6:30 6.5 KOAX 
5/26/2013 Cascade 42.2988 -90.9984 03:45-14:45 3.9 KDVN 
6/24/2013 Lowden 41.8563 -90.9299 01:30-06:30 6.5 KDVN 
4/17/2013 Knoxville 41.3247 -93.1008 4:15-23:45 4.9 KDMX 
5/26/2013 Grinnell 41.7202 -92.7488 00:30-16:00 6.4 KDMX 
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For dual-pol radar the constants that were 
determined to be used for the R-Z, ZDR 
equation by NOAA are shown below:  
R=0.0067 *Z0.927 *ZDR-3.43           (7) 
A similar process was used for the dual-pol 
cases using Equation 6. Here ZDR was 
determined in the same way that Z was for 
single-pol cases.  
When the NWS uses dual-pol NEXRAD to 
generate precipitation estimates they use a 
hydrometeor classification algorithm (HCA) 
to determine which rainfall rate equation to 
use with which constants (Seo et al., 2015). 
This was not done in this study because the 
dual-pol NEXRAD data files did not have 
the data for the HCA when they were read 
by GR.  
The radar estimates were then summed for 
15-minute intervals and converted to inches 
so that the rainfall estimates were consistent 
with observations. Finally, the radar 
estimated 15-minute rainfall rates, 15-
minute accumulations, and total 
accumulations were compared to the 
observations.  
After the basic comparison, the rainfall rates 
were statistically evaluated. The first 
statistical measure used is standard error 
(SE) which is shown below with N being the 
number of observations, P being the 
precipitation estimated by the radar and O 
being the precipitation measured by rain 
gauges. SE is a measure of how radar 
estimates differ from the observed values.  
                      SE=√
∑(P−O)2
N
                     (8)  
A p-test was performed for the SE of the 15-
minute rainfall rates, 15-minute 
accumulations, and total accumulations to 
determine if those results were statistically 
significant. A p-test was also performed to 
compare the SE of the dual-pol cases to the 
single-pol cases to see if there was a 
statistically significant difference in the SE. 
When the p-test value is less than 0.05 then 
the actual value of the result compared to the 
expected value of the result is referred to as 
statistically significant.  
Also used to analyze the results is 
normalized bias (NB) which is shown below 
with P and O representing the same values 
as for standard error. NB is a measure of the 
overall bias which represents systematic 
average deviations of radar estimates with 
respect to the rain gauge measurements over 
the spatial domain of interest.  
                      NB=
∑P−O
∑O
                           (9) 
A small absolute value of NB means that 
there is very little bias in the estimates that 
were made. A smaller bias means the 
estimate is more accurate. A bias of zero 
indicates what was estimated is accurate 
compared to what was observed. 
Additionally, to determine if the observed 
and estimated precipitation are linearly 
correlated the Pearson Correlation 
Coefficient (PCC) was used. This is shown 
below with σ being the standard deviation, P 
and O being the same values as in the earlier 
equations and E representing the expected 
value. PCC measures the degree of linear 
association between the radar estimates and 
rain gauge measurements.  
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           PCC=
E[P−E[P]]∗E[O−E[O]]
σP∗σO
        (10) 
If the PCC is negative, that indicates a 
negative correlation. This means when the 
rain gauge measurement increases, the radar 
estimate decreases. A value near 1 means 
that rain gauge measurement and the radar 
estimate are well correlated. 
The distance from the radar in nautical miles 
was calculated using GR. These distances 
were converted from nautical miles to 
kilometers (km). Then the cases were 
divided into groups - one group for cities 
that were less than 50 km from the radar and 
another for cities that were greater than 50 
km from the radar.  
 Finally, the intensity of each 15-minute 
period in each case was evaluated for light, 
moderate, and heavy rainfall. If the average 
rainfall rate was less than or equal to 0.4 
in/hr then it was classified as having light 
rainfall, if the average rainfall rate was 
greater than 0.4 in/hr and less than or equal 
to 1.2 in/hr it was classified as having 
moderate rainfall, and if the average rainfall 
rate was greater than 1.2 in/hr then the case 
was classified as having heavy rainfall. 
Additionally, each case was classified as 
light, moderate or heavy rainfall using the 
criteria listed above.  
3. Results 
To determine which type of radar is more 
accurate the radar estimated precipitation 
was calculated using the methods previously 
described (Figure 2 and Appendix Table 
A1). When comparing the precipitation as 
measured by the rain gauges and the 
estimates of precipitation from the 
NEXRADS, both single-pol and dual-pol 
radar underestimated the amount of 
precipitation.  In most cases the measured 
and radar estimated total precipitation 
differed by three to six and a half inches.  
 
Figure 2. Rain gauge measured and radar estimated total precipitation (in) for all the cases. 
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Standard Error (SE) 
To determine the accuracy of the radar 
estimates compared to the rain gauge 
measured values by location, the SE was 
calculated for each case for the precipitation 
that occurred in the 15-minute interval 
(Figure 3), for the rainfall rate for the 15-
minute interval (Figure 4), and the total  
precipitation (Figure 5) that occurred for the 
selected time interval (Appendix Table A2).  
The p-value of the SE of the single-pol radar 
estimated 15-minute interval rainfall rate, 
15-minute interval precipitation, and the 
total precipitation compared to the SE dual-
pol radar estimated 15-minute interval 
rainfall rate, 15-minute interval 
precipitation, and the total precipitation is 
greater than 0.05. Therefore, the difference 
between the dual-pol and single-pol SE is 
not statistically significant.  
The p-value for both radar types of the 
estimated 15-minute interval rainfall rate, 
15-minute interval precipitation, and total 
precipitation compared to the rain gauge 
measured values is less than 0.05. So, for 
both radar types the difference in the values 
is statistically significant. 
 For the 15-minute interval precipitation four 
of the dual-pol cities had a smaller amount 
of SE than the respective single-pol cities. 
For the 15-minute interval rainfall rate four 
of the dual-pol cities had a smaller amount 
of SE than the respective single-pol cities.  
For the total precipitation, three of the dual-
pol cities had a smaller amount of SE than 
the respective single-pol cities. For every 
city for both years the total precipitation SE 
was higher than for both the 15-minute   
interval   rainfall   rate   and   the 15-minute 
interval precipitation. For every single-pol 
city and dual-pol city the 15-minute 
precipitation SE was less than the 15-minute 
rainfall rate SE.  
 
Figure 3: Standard error (SE) of radar 
estimates compared to observations for 
the 15-minute precipitation (in). 
 
Figure 5.  Standard error (SE) of radar 
estimates compared to rain gauge 
observations for total precipitation (in). 
 
Figure 4.  Standard error (SE) of radar 
estimates compared to observations for 15-
minute rainfall rate (in/hr). 
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The average SE for 15-minute interval 
rainfall rate, 15-minute interval 
precipitation, and total precipitation was less 
for the single-pol cases than for the dual-pol 
cases (Table 4). However, for all variables 
tested there is a very small difference 
between them. This means that for these 
cites some dual-pol estimates were more 
accurate and some single-pol estimates were 
more accurate for the 15-minute rainfall, 15-
minute precipitation, and total precipitation.  
The 6/24/2013 KOAX dual-pol case had a 
much higher SE than any other case for the 
15-minute rainfall rate, 15-minute 
precipitation, and total precipitation. If this 
case is removed from the dual-pol cases 
when calculating the average SE for the 15-
minute rainfall rate, 15-minute precipitation, 
and total precipitation, then the dual-pol 
radar had less SE than the single-pol radar 
(Table 5). However, the 6/24/2013 KOAX 
dual-pol case is technically not an outlier 
based on the standard deviation of the error 
and the average error.  
 
 
 
 
For the cases that were the most and least 
accurate for 15-minute precipitation for each 
radar type there is a wide variability in how 
the error changes through the time of the 
storm (Figures 6 and 7). The accuracy of the 
radars varies widely during individual 
storms. For the cases that were the most and 
least accurate for the total precipitation for 
each type there is a wide variability in how 
the error changes through the time of the 
storm (Figures 8 and 9). During some parts 
of the storm the radar overestimated the 
rainfall measured by the rain gauges and by 
the end of the storm the radar 
underestimated the total rainfall measured. 
The radar estimates are not consistent 
throughout the duration of the storm. In 
general, the single-pol radar precipitation 
estimates were more consistent in the 
amount of SE than the dual-pol estimates. 
Pearson Correlation Coefficient (PCC) 
The radar estimated rainfall rate for the 15-
minute intervals, the 15-minute 
precipitation, and total precipitation for the 
selected time interval were evaluated to 
determine correlation with the rain gauge 
measurement using the PCC (Figures 10, 11, 
12, and Appendix Table A3).  
Table 4. Average standard error (SE) of the 
radar estimates compared to rain gauge 
observations for each type of radar. 
Radar 15-
Minute 
Rainfall 
rate 
(in/hr) 
15-Minute 
Precipitation 
(in) 
Total 
Precipitation 
(in) 
Single-
pol 
0.55 0.14 1.77 
Dual-
pol 
0.60 0.15 1.82 
Table 5. Average standard error (SE) of the 
radar estimates compared to rain gauge 
observations for each type of radar with the 
6/24/2013 KOAX case removed. 
Radar 15-
Minute 
Rainfall 
rate 
(in/hr) 
15-Minute 
Precipitation 
(in) 
Total 
Precipitation 
(in) 
Single-
pol 
0.55 0.14 1.77 
Dual-
pol 
0.42 0.11 1.47 
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For the 15-minute interval rainfall rate and 
precipitation the single-pol correlations were 
widely varied from moderately positively 
correlated to nearly not correlated to 
moderately negatively correlated (Figure 
10). For the 15-minute interval rainfall rate 
and precipitation the dual-pol correlations 
were widely varied from positively well 
correlated to not correlated to slightly 
negatively correlated (Figure 11). This 
means the accuracy of the radar estimates 
for shorter periods of time were widely 
varied as well.  
 
 
 
 
Figure 6. Time series of standard error (SE) of radar estimates compared to rain gauge 
observations of the 15-minute precipitation (in) for the most accurate dual-pol and single-pol 
cases.  
 
Figure 7. Time series of standard error (SE) of the radar estimates compared to rain gauge 
observations of the 15-minute precipitation (in) for the least accurate dual-pol and single-pol cases. 
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For all of the single-pol cities and all but 
two of the dual-pol cities the radar estimated 
total precipitation was very well positively  
correlated (Figure 12). Additionally, 
excluding two of the cases the PCC was at 
or near to one for the dual-pol cases. 
However, because of lower PCC on the 
other two dual-pol cases, the single-pol 
cases were slightly better correlated overall. 
 
Normalized Bias (NB) 
The radar predicted rainfall rate for the 15- 
minute intervals, the 15-minute 
precipitation, and total precipitation for the 
selected time interval were evaluated to see  
if they had any bias using NB (Figures 13, 
14, 15, and Appendix Table A4).  For most 
of the cases for both single-pol and dual-pol 
there is more bias in the total precipitation 
estimated by the radar. For most of the dual- 
 
Figure 9.  Time series of the rain gauge measured and radar estimated total precipitation (in) for the 
least accurate dual-pol and single-pol cases. 
 
Figure 8.  Time series of the rain gauge measured and radar estimated total precipitation (in) for the 
most accurate dual-pol and single-pol cases. 
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pol cases and for a few of the single-pol 
cases there was a smaller or the same bias in 
the 15- minute interval rainfall rate 
compared to the 15- minute interval 
precipitation. The bias for both radar types 
for the 15-minute interval rainfall rate is  
very similar to the bias for the 15-minute 
interval precipitation. A negative value of 
NB signifies that the radar estimated 
precipitation is less than the rain gauge 
measured precipitation. For all of the single-
pol cases and all of the dual-pol cases the 
radar underestimated the rainfall that was 
measured by the rain gauge. 
 
Figure 12. Pearson Correlation Coefficient 
(PCC) value of radar estimates compared to 
observations for the total precipitation. 
 
Figure 14. Normalized bias (NB) of radar 
estimates compared to observations for the 
15-minute precipitation. 
 
Figure 13. Normalized bias (NB) of radar 
estimates compared to observations for the 
15-minute rainfall rate. 
 
Figure 10. Pearson Correlation Coefficient 
(PCC) value of radar estimates compared to 
observations for the 15-minute precipitation. 
 
Figure 11. Pearson Correlation Coefficient 
(PCC) value of radar estimates compared to 
observations for the 15-minute rainfall rate.  
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 Distance Analysis 
Data from cities that are less than 50 km 
from the radar were grouped together 
(Figures 16, 17, 18, and Appendix Table 
A5). Data from cities that are more than 50 
km from the radar were also grouped for 
comparison (Figures 19, 20, 21, and 
Appendix Table A5). For the group with 
distances less than 50 km, the SE for the 
radar estimated 15-minute precipitation   and   
rainfall   rate   for   each single-pol city is 
less than the SE for each dual-pol city. The 
SE for the total precipitation estimated by 
the radar for the dual-pol city is less than the 
radar estimated total precipitation for each 
of the single-pol cities. 
For the group with distances measuring 
greater than 50 km the SE for the radar 
estimated 15-minute precipitation and 
rainfall rate for the dual-pol cities is less 
than the single-pol cities. The SE for the 
total precipitation estimated by the radar for 
each of the cities for single-pol is less than 
all but one of the cities in dual-pol. For the 
group with distances greater than 50 km, 
two of the cases for dual-pol have the least 
SE for 15-minute interval precipitation, 
rainfall rate, and total precipitation. 
Intensity Analysis 
For the 15-minute period light rainfall, dual-
pol radar has less SE than single-pol radar 
for the 15-minute rainfall rate, 15-minute 
precipitation, and total precipitation (Table 
6). For these radar estimates for light 
intensity rain dual-pol radar is more accurate 
than single-pol radar. 
 
Figure 15. Normalized bias (NB) of the 
radar estimates compared to observations for 
the total precipitation. 
 
Figure 16. Standard error (SE) of radar 
estimates compared to observations for 
the 15-minute rainfall rate (in/hr) of the 
cases that are less than 50 km from the 
respective radar. 
 
Figure 17. Standard error (SE) of radar 
estimates compared to observations for 
the 15-minute precipitation (in) of the 
cases that are less than 50 km from the 
respective radar. 
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For the 15-minute period heavy and 
moderate rainfall, dual-pol radar has less SE 
than single-pol radar for 15-minute rainfall 
 rate and 15-minute precipitation. However, 
for heavy and moderate rainfall single-pol 
radar has less SE than dual-pol radar for 
total precipitation (Table 6 and Table 7). For 
the radar estimated 15-minute rainfall rate 
and 15-minute precipitation for heavy and 
moderate rain dual-pol radar is more 
accurate than single-pol radar. For the radar 
estimated total precipitation for heavy and 
moderate rain single-pol radar is more 
accurate than dual-pol radar. 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Standard error (SE) of radar 
estimates compared to observations for the 
rainfall rate (in/hr) of the cases that are 
greater than 50 km from the respective radar. 
 
Figure 18. Standard error (SE) of radar 
estimates compared to observations the 
total precipitation (in) of the cases that are 
less than 50 km from the respective radar. 
 
Figure 20. Standard error (SE) of the 
radar estimates compared to observations 
for the 15-minute precipitation (in) of the 
cases that are greater than 50 km from the 
respective radar.  
 
Figure 21. Standard error (SE) of radar 
estimates compared to observations for 
the total precipitation (in) of the cases that 
are greater than 50 km from the respective 
radar. 
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For the individual case intensity analysis, 
there were only dual-pol cities cases 
classified as heavy rainfall (Figure 22 and 
Appendix Table A6). For the cases with 
moderate rain the dual-pol cities have less 
SE than for the single-pol cities for the 15-
minute rainfall rate, 15-minute precipitation,  
and total precipitation (Figure 23 and 
Appendix Table A6). For the cases with 
light rain there is a varying trend for the SE  
for the 15-minute rainfall rate, 15-minute 
precipitation, and total precipitation Figures 
24, 25, 26, and Appendix Table A6).  
 
 
   
Figure 22. Standard error (SE) of radar estimates compared to observations for 15-minute rainfall 
rate (in/hr) (left), 15-minute precipitation (in) (center), and total precipitation (in) (right) for the 
cases with heavy rainfall which are dual-pol cases. 
Table 6.  Standard error (SE) o of radar estimates compared to observations for the 15-
minute he 15-minute rainfall rate, 15-minute precipitation, and total precipitation for the two 
different radar types for light and moderate rain.  
Radar Light Rain Moderate Rain 
Standard 
error R 
(in/hr) 
Standard 
error 
Precipitation 
(in) 
Standard 
error Total 
Precipitation 
(in) 
Standard 
error R 
(in/hr) 
Standard 
error 
Precipitation 
(in) 
Standard 
error Total 
Precipitation 
(in) 
Single-
Pol 
0.23 0.06 1.74 0.90 0.23 1.77 
Dual-
Pol 
0.22 0.05 1.52 0.72 0.18 2.10 
Table 7. Standard error (SE) of radar estimates compared to observations for the 15-minute 
rainfall rate (in/hr), 15-minute precipitation (in), and total precipitation (in) for the two 
different radar types for heavy rain. 
Radar Heavy Rain 
Standard error R 
(in/hr) 
Standard error 
Precipitation(in) 
Standard error Total Precipitation 
(in) 
Single-Pol 1.89 0.47 1.33 
Dual-Pol 1.48 0.37 2.40 
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4. Conclusion and Discussion 
For the twelve cases investigated in this 
study the SE of the single-pol radar 
estimated 15-minute rainfall rate, 15-minute 
interval precipitation, and the total 
precipitation compared to the dual-pol radar 
estimated 15-minute interval rainfall rate, 
15-minute interval precipitation, and the 
total precipitation is not statistically 
significant. For both types of radar, the radar 
estimated values compared to the rain gauge 
 
 
Figure 26. Standard error (SE) of radar 
estimates compared to observations for the 
15-minute precipitation (in) for the cases 
with light rainfall. 
 
Figure 24. Standard error (SE) of radar 
estimates compared to observations for the 
15-minute rainfall rate (in/hr) for the cases 
with light rainfall. 
   
Figure 23. Standard error (SE) of radar estimates compared to observations for the 15-minute 
rainfall rate (in/hr) (left), 15-minute precipitation (in) (center), and total precipitation (in) (right) 
for the cases with moderate rainfall. 
 
Figure 25. Standard error (SE) of radar 
estimates compared to observations for the 
15-minute precipitation (in) for the cases 
with light rainfall. 
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measured values are statistically significant. 
The results of this study did not definitively 
state that the radar estimate of the 15-minute 
interval precipitation, rainfall rate, or total 
precipitation was more accurate for either  
single-pol or dual-pol.  
This study found that even if a case had a 
very low SE for the 15-minute interval 
precipitation or a low SE for the 15-minute 
interval rainfall rate that did not imply that 
the case would have a low SE for the total 
precipitation. This was probably due to the 
radar estimated rainfall rate being calculated 
as an average rainfall rate for the 15-minute 
interval as opposed to calculating the radar 
estimated 15-minute interval precipitation 
and then calculating the rainfall rate from 
the 15-minute interval precipitation. This 
could also be due to the fact that the SE in 
the rainfall rate is averaged. If the error is  
assumed to be random when the rainfall rate 
is averaged there will be less SE when the 
15-minute interval precipitation is 
calculated. In this study, the dual-pol cases 
had both the lowest and the highest SE for 
the 15-minute interval precipitation, 15-
minute interval rainfall rate, and total 
precipitation. For the cases selected the 
dual-pol estimates included both the most 
accurate and the least accurate estimates. 
The 6/24/2013 dual-pol case was 
significantly less accurate than any of the 
other cases. This could be due to an issue 
with the radar operation which caused the 
reflectivity to decrease. Alternatively, this 
could be due to beam-filling occurring since 
the distance away from the radar is further 
than 50 km. Conversely, there could be an 
issue with the rain gauge measured 
precipitation causing the measured 
precipitation to be recorded incorrectly.   
When the NWS uses dual-pol NEXRAD to 
generate precipitation estimates they use a 
hydrometeor classification algorithm (HCA) 
to determine which rainfall rate equation to 
use with which constants (Seo et al., 2015). 
This was not done in this study because the 
dual-pol NEXRAD data files did not have 
the data for the HCA when they were read 
by GR. Therefore, the lack of statistically 
significant improvement in the accuracy of 
the dual-pol radar could be due to this study 
not fully implementing the dual-pol 
NEXRAD algorithm for precipitation 
estimation. 
For most of the cities the total precipitation 
measured by the rain gauges was very well 
correlated with radar estimated total 
precipitation. The radar estimated 15-minute 
interval rainfall rate and precipitation had a 
wide variety of correlation coefficients with 
the rain gauge measurement. In general, if a 
storm was well correlated for all three 
estimates then there was a smaller amount of 
SE for the estimates.  
When the NB is small, the SE is small. The 
NB also indicates that the radar for every 
city underestimated the rain gauge measured 
15-minute interval rainfall rate, 15-minute 
interval precipitation, and total precipitation 
that correspond to the rain-gauge 
measurement. This could be due to the radar 
beam being attenuated and less reflectivity 
being returned.  
The distance the individual cities are from 
the radar did not appear to play a role in the 
accuracy of the radar estimates unlike what 
19 
 
was shown in Cunha et al. (2014). This 
could be due to the fact that the distances 
from the radar were less than the distances 
used in Cunha et al. (2014). However, the 
two dual-pol cases that had the smallest SE 
for the 15-minute interval precipitation, 15-
minute interval rainfall rate, and total 
precipitation were in the group that was 
greater than 50 km away from the radar. But 
the dual-pol cases that had the largest SE for 
15-minute interval precipitation, rainfall 
rate, and total precipitation were in the 
group that was greater than 50 km away 
from the radar. This study demonstrated that 
the distance from the NEXRADs of KDMX, 
KOAX, and KDVN does not play a 
significant role in the accuracy of 
precipitation estimates.  
The intensity of the rainfall for the storms 
played a slight role. For the cases with 
moderate rain the dual-pol case was more 
accurate. For the 15-minute period light 
rainfall the dual-pol radar was more accurate 
than single-pol radar for the radar estimated 
15-minute rainfall, the 15-minute 
precipitation, and total precipitation. For the 
15-minute period moderate and heavy 
rainfall, the radar estimated 15-minute 
interval rainfall rate and precipitation was 
more accurate for the dual-pol radar than for 
the single-pol radar. Additionally, for the 
15-minute period heavy and moderate 
rainfall the radar estimated total 
precipitation is more accurate for the single-
pol radar than for the dual-pol radar. Overall 
dual-pol radar estimates are more accurate 
for cases that consist of exclusively light 
rainfall.  
The radar underestimated the precipitation 
for every case. For the cases that were most 
accurate, the 15-minute interval rainfall rate, 
15-minute interval precipitation, and total 
precipitation were well correlated with the 
rain gauge measured values.  The most 
accurate case for total precipitation was a 
dual-pol estimate in 2013 near the KDMX 
radar which differed by a little less than half 
an inch from the rain gauge measurement. 
The most accurate case for 15-minute 
interval precipitation and rainfall rate was in 
2013 near the KOAX dual-pol radar. The 
least accurate case for total precipitation, 15-
minute interval precipitation, and 15-minute 
interval rainfall rate was a dual-pol estimate 
in 2013 near the KOAX dual-pol radar.  
This study was not able to provide 
statistically significant evidence that dual-
pol radar is more accurate than single-pol 
radar across the state of Iowa for the 
NEXRADs of KOAX, KDMX, and KDVN 
for the years of 2009 and 2013 during major 
rain events. If the dual-pol case that was 
almost an outlier was removed there would 
still not be significant evidence to conclude 
that either single-pol or dual-pol 
precipitation estimates are more accurate 
when compared to rain gauge 
measurements.  
Further studies need to be completed to 
determine the accuracy of precipitation 
estimates from dual-pol radar compared 
with single-pol radar to be able to improve 
flood prediction in the state of Iowa. The 
study sample size needs to be increased. 
More cases or a revised case selection 
criteria could be used for these years. 
Additional or different years could be 
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analyzed to see if there is more clarity 
depending on the years studied.  
Additionally, a different region or multiple 
regions could be considered. 
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Appendix A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table A1. Rain gauge measured precipitation (in) and the single-pol and dual-pol 
radar estimated precipitation (in) for all cases.  
Storm Radar Rain Gauge Measured 
Precipitation (in) 
Radar Estimated Precipitation (in) 
Single-pol 
8/26/2009 KDVN 3.1 0.68 
8/7/2009 KDVN 3.5 0.80 
4/26/2009 KOAX 4.2 1.16 
8/26/2009 KOAX 3.3 0.63 
5/15/2009 KDMX 3 1.63 
9/25/2009 KDMX 3.6 0.86 
Dual-pol 
5/26/2013 KDVN 3.9 0.37 
6/24/2013 KDVN 6.5 4.47 
4/17/2013 KOAX 3.8 0.89 
6/24/2013 KOAX 6.5 0.05 
4/17/2013 KDMX 4.9 2.81 
5/26/2013 KDMX 6.4 5.84 
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Appendix (Continued) 
 
  
 
 
 
 
Table A2. Standard error (SE) of the single-pol and dual-pol radar estimates compared to the 
rain gauge observations of 15-minute rainfall rate (in/hr), 15-minute precipitation(in), and 
total precipitation (in) for all cases. 
 
 
 
Storm 
 
 
 
Location 
 
 
 
Radar 
Standard Error 
15-Minute 
Rainfall Rate 
(in/hr) 
15-Minute 
Precipitation 
(in)  
Total 
Precipitation 
(in)  
Single-pol 
8/7/2009 Cascade KDVN 0.82 0.21 2.36 
8/26/2009 Lowden KDVN 0.55 0.14 1.30 
4/26/2009 Missouri Valley  KOAX 0.43 0.11 1.38 
8/26/2009 Missouri Valley  KOAX 0.51 0.13 2.39 
5/15/2009 Knoxville KDMX 0.43 0.11 0.89 
9/25/2009 Grinnell KDMX 0.57 0.14 2.25 
Dual-pol 
5/26/2013 Cascade KDVN 0.60 0.15 2.80 
6/24/2013 Lowden KDVN 0.61 0.16 1.16 
4/17/2013 Soldier KOAX 0.24 0.06 1.50 
6/24/2013 Shelby KOAX 1.50 0.38 3.57 
4/17/2013 Knoxville KDMX 0.16 0.04 1.44 
5/26/2013 Grinnell KDMX 0.33 0.09 0.40 
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Appendix (Continued) 
 
 
 
 
 
 
 
Table A3.   Pearson Correlation Coefficient (PCC) of the single-pol and dual-pol radar 
estimates evaluated with the rain gauge observations of the 15-minute rainfall rate, 15-
minute precipitation, and total precipitation for all cases. 
 
 
Storm 
 
 
Location 
 
 
Radar 
Pearson Correlation Coefficient 
15-minute 
Rainfall rate 
15-minute 
Precipitation  
Total 
Precipitation  
Single-pol 
8/7/2009 Cascade, IA KDVN -0.45 -0.47 0.70 
8/26/2009 Lowden, IA KDVN -0.04 0.02 0.93 
4/26/2009 Missouri Valley IA KOAX 0.09 0.07 0.91 
8/26/2009 Missouri Valley IA KOAX -0.16 -0.16 0.72 
5/15/2009 Knoxville, IA KDMX 0.10 0.03 0.89 
9/25/2009 Grinnell, IA KDMX 0.41 0.14 0.95 
Dual-pol 
5/26/2013 Cascade, IA KDVN -0.36 -0.35 0.59 
6/24/2013 Lowden, IA KDVN 0.79 0.80 1.00 
4/17/2013 Soldier, IA KOAX 0.00 0.00 0.94 
6/24/2013 Shelby, IA KOAX -0.20 -0.22 0.65 
4/17/2013 Knoxville, IA KDMX 0.70 0.78 0.99 
5/26/2013 Grinnell, IA KDMX 0.89 0.88 1.00 
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Table A4. Normalized Bias (NB) of the single-pol and dual-pol radar estimates evaluated 
with the rain gauge observations of the 15-minute rainfall rate, 15-minute precipitation, and 
total precipitation for all cases.  
 
 
Storm 
 
 
Location 
 
 
Radar 
Normalized Bias 
15-minute 
Rainfall rate  
15-minute 
Precipitation  
Total 
Precipitation  
Single-pol 
8/7/2009 Cascade, IA KDVN -0.77 -0.77 -0.90 
8/26/2009 Lowden, IA KDVN -0.71 -0.78 -0.78 
4/26/2009 Missouri Valley IA KOAX -0.71 -0.60 -0.61 
8/26/2009 Missouri Valley IA KOAX -0.81 -0.81 -0.86 
5/15/2009 Knoxville, IA KDMX -0.48 -0.46 -0.34 
9/25/2009 Grinnell, IA KDMX -0.76 -0.76 -0.80 
Dual-pol 
5/26/2013 Cascade, IA KDVN -0.90 -0.91 -0.97 
6/24/2013 Lowden, IA KDVN -0.26 -0.31 -0.34 
4/17/2013 Soldier, IA KOAX -0.61 -0.61 -0.73 
6/24/2013 Shelby, IA KOAX -0.98 -0.99 -1.00 
4/17/2013 Knoxville, IA KDMX -0.15 -0.14 -0.45 
5/26/2013 Grinnell, IA KDMX -0.14 -0.09 -0.06 
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Table A5.   Standard error (SE) of the single-pol and dual-pol radar estimates compared to the 
rain gauge observations of the 15-minute rainfall rate (in/hr), 15-minute precipitation (in), and 
total precipitation (in) for the cases that are less than 50 km from the radar and greater than 50 
km from the radar. 
Storm Location Radar Distance 
from 
radar 
(km) 
Standard Error 
15-minute 
Rainfall rate 
(in/hr) 
15-minute 
Precipitation 
(in) 
Total 
Precipitation 
(in) 
Distance from Radar < 50 km 
Single-pol 
8/26/2009 Lowden KDVN 39.63 0.55 0.14 1.30 
4/26/2009 Missouri Valley  KOAX 49.30 0.43 0.11 1.38 
8/26/2009 Missouri Valley  KOAX 49.30 0.51 0.13 2.39 
Dual-pol 
6/24/2013 Lowden KDVN 39.63 0.61 0.16 1.16 
Distance from Radar >50 km 
Single-pol 
5/15/2009 Knoxville KDMX 68.63 0.43 0.11 0.89 
8/7/2009 Cascade KDVN 83.69 0.82 0.21 2.36 
9/25/2009 Grinnell KDMX 80.74 0.57 0.14 2.25 
Dual-pol 
4/17/2013 Knoxville KDMX 68.63 0.24 0.06 1.50 
6/24/2013 Shelby KOAX 79.40 1.50 0.38 3.57 
5/26/2013 Cascade KDVN 83.69 0.60 0.15 2.80 
5/26/2013 Grinnell KDMX 80.74 0.33 0.09 0.40 
4/17/2013 Soldier KOAX 88.25 0.16 0.04 1.44 
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Table A6. Standard error (SE) of the single-pol and dual-pol radar estimates compared to 
the rain gauge observations for the the 15-minute rainfall rate (in/hr), 15-minute 
precipitation (in), and total precipitation (in) for all cases sorted by rainfall intensity. 
Storm Location Radar Standard Error 
15-Minute 
Rainfall Rate 
(in/hr) 
15-Minute 
Precipitation
(in) 
Total 
Precipitation 
(in) 
Light Rain 
Single-Pol 
4/26/2009 Missouri Valley  KOAX 0.45 0.11 1.41 
5/15/2009 Knoxville KDMX 0.43 0.11 0.89 
8/26/2009 Lowden KDVN 0.55 0.14 1.3 
8/26/2009 Missouri Valley KOAX 0.51 0.13 2.39 
Dual-Pol 
4/17/2013 Knoxville KDMX 0.29 0.07 1.51 
4/17/2013 Soldier KOAX 0.28 0.07 1.5 
5/26/2013 Cascade KDVN 0.60 0.15 2.8 
Moderate Rain 
Single-Pol 
8/7/2009 Cascade KDVN 0.82 0.21 2.36 
9/25/2009 Grinnell KDMX 0.57 0.14 2.25 
Dual-Pol 
5/26/2013 Grinnell KDMX 0.33 0.09 0.40 
Heavy Rain 
Dual-Pol 
6/24/2013 Lowden KDVN 0.61 0.16 1.16 
6/24/2013 Shelby KOAX 1.50 0.38 3.57 
